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ErbB-2, the preferred heterodimerization partner of
all ErbB receptors, is a mediator of lateral signaling
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We have analyzed ErbB receptor interplay induced by
the epidermal growth factor (EGF)-related peptides in
cell lines naturally expressing the four ErbB receptors.
Down-regulation of cell surface ErbB-1 or ErbB-2
by intracellular expression of specific antibodies has
allowed us to delineate the role of these receptors
during signaling elicited by: EGF and heparin binding
EGF (HB-EGF), ligands of ErbB-1; betacellulin (BTC),
aligand of ErbB-1 and ErbB-4; and neu differentiation
factor (NDF), a ligand of ErbB-3 and ErbB-4. Ligand-
induced ErbB receptor heterodimerization follows a
strict hierarchy and ErbB-2 is the preferred hetero-
dimerization partner of all ErbB proteins. NDF-activ-
ated ErbB-3 or ErbB-4 heterodimerize with ErbB-1
only when no ErbB-2 is available. If all ErbB receptors
are present, NDF receptors preferentially dimerize
with ErbB-2. Furthermore, EGF- and BTC-induced
activation of ErbB-3 is impaired in the absence of
ErbB-2, suggesting that ErbB-2 has a role in the lateral
transmission of signals between other ErbB receptors.
Finally, ErbB-1 activated by all EGF-related peptides
(EGF, HB-EGF, BTC and NDF) couples to SHC,
whereas only ErbB-1 activated by its own ligands
associates with and phosphorylates Cbl. These results
provide the first biochemical evidence that a given ErbB
receptor has distinct signaling properties depending on
its dimerization.

Keywords ErbB receptors/lateral signaling/receptor
dimerization/signal transduction/single chain antibody

Introduction
The ErbB family of receptor tyrosine kinases (RTKs) or

for interaction with polypeptide ligands. A direct con-
sequence of ligand binding to the ECD is the formation
of receptor dimers and stimulation of the intrinsic kinase
activity, which leads to the phosphorylation of tyrosine
residues in the intracellular domain of the receptors (van
der Geeret al, 1994). These serve as docking sites for a
number of SH2- and PTB-domain containing proteins
(Kavanaugh and Williams, 1994; Cohen,GeBal., 1995)
including the adaptor proteins SHC (Peliatial,, 1992)
and Grb2 (Lowensteirt al, 1992) and the p85 subunit
of phosphatidylinositol (Ptdins) 3-kinase (Fedt al,
1994; Prigent and Gullick, 1994), which link RTKs to
intracellular signaling pathways such as the mitogen-
activated protein kinase (MAPK) pathway (Egan and
Weinberg, 1993) or the S6 kinase cascade (Ménal,
1994)

Regulation of ErbB receptor function is complex, since
a large number of ligands, the EGF-related peptides, have
been described. ErbB ligands can be classified into three
groups and include: EGF and heparin binding EGF-like
growth factor (HB-EGF), which bind ErbB-1 (Savage
etal, 1972; Higashiyamat al,, 1991); betacellulin (BTC),
which is a ligand of ErbB-1 and ErbB-4 (Shiret al,
1993; Beerli and Hynes, 1996; Riest al. 1996); neu
differentiation factors (NDFs)/heregulins (Peles and
Yarden, 1993), which are ligands of ErbB-3 and ErbB-4
(Plowman et al, 1993b; Carrawayet al, 1994), the
respective low and high affinity receptors (Tzalearal,,
1994).

By binding to the ECD of their respective receptors,
EGF-related peptides induce not only receptor homodimers
but also heterodimers. Consequently, although none of
these peptides directly bind ErbB-2, all of them induce its
tyrosine phosphorylation by triggering heterodimerization
and cross-phosphorylation (Kingt al, 1988; Plowman
et al, 1993b; Sliwkowskiet al,, 1994; Beerli and Hynes,
1996). Cooperation of ErbB-2 with the other ErbB recep-
tors has been reported (Alimandt al., 1995; Wallasch
et al, 1995; Pinkas-Kramarslat al., 1996; Zhanget al.,
1996). Moreover, EGF and NDF receptors have been

subclass | RTKs comprises four members: epidermal shown to compete for dimerization with ErbB-2

growth factor receptor (EGFR)/ErbB-1 (Ullrickt al,
1984), ErbB-2 (Yamamotet al, 1986), ErbB-3 (Kraus
et al, 1989; Plowmaret al, 1990) and ErbB-4 (Plowman

(Karunagararet al, 1995; Cheret al, 1996). By means
of intracellular expression of an endoplasmic reticulum
(ER)-targeted single chain antibody (scFv) that leads to

et al, 1993a). The four proteins are widely expressed in the specific and stable loss of cell surface ErbB-2 (Beerli
epithelial, mesenchymal and neuronal tissues and playet al, 1994), we have previously shown that: (i) ErbB-2

fundamental roles during development (Gassmenal.,
1995; Lee et al, 1995; Sibilia and Wagner, 1995;
Threadgill et al, 1995). Interest in the ErbB family of

enhances EGF-induced tyrosine phosphorylation of
ErbB-1 and NDF-induced tyrosine phosphorylation of
ErbB-3 and ErbB-4 (Beerkt al. 1995; Graus-Portat al,,

RTKs is high due also to the involvement of some of its 1995); (i) ErbB-2 potentiates and prolongs the signal
members in human cancers (Hynes and Stern, 1994;transduction pathways elicited by EGF and NDF (Beerli
Salomonet al, 1995). et al, 1995; Graus-Portat al; 1995; Karunagaraast al,,
Subclass | RTKs have an extracellular domain (ECD) 1996). In addition, we and others have shown that ErbB-2
which bears two cysteine-rich clusters and is responsible increases the affinity of both EGF and NDF for their
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receptors (Wadeet al, 1990; Sliwkoskyet al, 1994; A
Karunagararet al, 1996). Together, these results suggest T47D/puro  T47D/5R T47D/RIR
that ErbB-2 acts as a common receptor subunit of all the . w I,
other ErbB proteins and that the physiological receptors - . 8 —_— 5'3 - 8 .
for the EGF-related peptides are ErbB-2-containing hetero- Mr §9R22EEgRE E E9RE E
dimers.
. 205kDa 9 ;
However, several recent observations apparently argue I -

against this model. First, it has been suggested that
ErbB-1-ErbB-3 heterodimers occur in cell lines over-
expressing ErbB-1, where EGF can efficiently elevate 205KDa. 9
tyrosine phosphorylation of ErbB-3 (Kinet al, 1994;

Soltoff et al, 1994). Second, in cells that express moderate LALLLAPFT UL LLEL
levels of the four proteins, EGF, HB-EGF and BTC not Reorobi —

only activate their respective receptors and ErbB-2, but SPTODNE I i
also ErbB-3 (Beerli and Hynes, 1996). Third, cooperative
signaling of ErbB-3 and ErbB-4 with not only ErbB-2 but

also ErbB-1 has been demonstrated when the receptors B

IP . ErbB-2 / WB o PY

were expressed in cells devoid of ErbB proteins T47D/puro  T47D/5R ~ T47D/RIR

(Cohen,B.D.et al, 1996; Pinkas-Kramarslét al, 1996; B & o

Zhanget al, 1996). Finally, expression of different com- En oo Bafoo BaPwo

binations of ErbB receptors in Ba/F3 hematopoietic cells M 52 2EESREEE ERRES

has revealed that all heterodimers can be formed in 205kDa

response to the appropriate ligand (Riedeal, 1995, - '. -’

1996). b ' ;
Expression _of rec_:ombmant ErbB receptors in pairwise IP o ErbB-4 / WB o, PY

combinations is a viable approach to study their function. ———

However, the four ErbB proteins are often co-expressed n

and this approach does not allow delineation of which ErbB . ER - l ! . ! . - . 88

receptor interactions are biologically relevant. Different R ;
. T . eprobing o. ErbB-4

heterodimers have been shown to elicit very different g
b|0|09|ca! responses (R'eﬁ'I al, 19'95., 199_6), |mp|y|ng Fig. 1. Ligand-induced tyrosine phosphorylation of ErbB-2 and
the recruitment and activation of distinct signaling mole- ErbB-4. T47D/puro, T47D/5R and T47D/R1R cells were starved for
cules. Thus, it is crucial to elucidate which heterodimers 24 h in serum-free medium. Prior to lysis, the cells were either treated
are formed in a natural cellular context and to characterize With 4 "M indicated factors for 10 min or left untreated. ErbBA9 (
heir si l . and ErbB-4 B) were immunoprecipitated from 2Q@y and 2 mg total
their signaling prop_ertles. o . protein respectively, subjected to SDS—PAGE (7% gel) and analyzed

To understand in more detail ligand-induced ErbB by Western blotting with a phosphotyrosine-specific mAb (upper
receptor heterodimerization and transactivation, as well aspanels). Filters were stripped and reprobed with ErbB-2- and ErbB-4-
the consequent diversification of intracellular cascades, SPecific antibodies (lower panels) respectively. The results shown are
we have down-regulated the cell surface expression of typical and representative of at least two independent experiments.
ErbB-1 and ErbB-2 in a number of cell lines that co-
express various amounts of the four ErbB proteins. To do ErbB-1 but not ErbB-2 resulted in increased expression
so, ErbB-2-specific scFv-5R (Beedt al,, 1994) has been  levels (Figures 1A and 4A), possibly due to an altered
expressed in T47D (Graus-Porta al, 1995) and A431 turnover of the ER-retained protein. We previously made
cells, leading to a complete loss of cell surface ErbB-2 a similar observation with the ER retention of a point-

and to its functional inactivation. ErbB-1-specific scFv- mutated, constitutively active ErbB-2 (Beak]i1994).
R1R has been expressed in T47D cells (Jaretoal, We analyzed ErbB-2 activation by EGF-related peptides
1996), leading to a dramatic reduction in cell surface in TA7D/R1R and T47D/5R sublines, as well as in T47D/

ErbB-1. This approach has enabled us to analyze in morepuro vector control cells (Figure 1A). EGF, HB-EGF,
detail EGF-, HB-EGF-, BTC- and NDF-induced signaling BTC and NDF activated ErbB-2 in the control cells but
and to unravel a hierarchy guiding the ligand-induced not in T47D/5R cells, due to its disappearance from
coordinated action of ErbB receptors. the plasma membrane. In T47D/R1R cells, displaying
dramatically reduced levels of cell surface ErbB-1 (Jannot

et al, 1996), the EGF agonists did not significantly

Results stimulate ErbB-2, whereas NDF led to phosphotyrosine
scFv-mediated intracellular retention of ErbB-1 levels comparable with those in the control cells. This is
results in impaired ErbB-2 activation by EGF in accordance with the fact that NDF neither binds nor
agonists but not by NDF activates ErbB-1 in cells that co-express the four ErbB
To investigate in more detail ligand-induced ErbB receptor proteins (Figure 4A; Beerli and Hynes, 1996).

interactions, cell surface expression of either ErbB-1 or

ErbB-2 was selectively down-regulated in T47D cells by ErbB-2 enhances ErbB-4 tyrosine phosphorylation
intracellular expression of scFv-R1R (Janebtl., 1996) induced by EGF-related peptides

or scFv-5R (Beerliet al, 1994, 1995; Graus-Portt al, Various EGF-related peptides stimulate ErbB-4 tyrosine
1995) respectively. Interestingly, intracellular retention of phosphorylationin T47D cells, the most efficient ones being
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the ErbB-4 ligands BTC and NDF (Beerli and Hynes, 1996). A

To study the mechanism of its activation, we examined the T47D/puro T47D/5SR T47D/RIR
involvementof ErbB-1 and ErbB-2 in stimulation of ErbB-4 - = =
phosphorylation (Figure 1B). Intracellular retention of T D K R )
ErbB-2 resulted in impaired activation of ErbB-4 by BTC Mr E 8 % = ; 8 % E § 8 % B
and NDF, suggesting that activation of this receptor by its

ligands involves ErbB-2-containing heterodimers. More- 205kDa -

over, EGF- and HB-EGF-induced tyrosine phosphorylation ‘ '- = . -
of ErbB-4 was also impaired in T47D/5R cells, demonstrat-

ing that even activation of ErbB-4 by ErbB-1 ligands
involves ErbB-2. In accordance with the fact that BTC and IP o EtbB-3/WB o PY
NDF directly interact with ErbB-4, down-regulation of cell s
surface ErbB-1 did not affect ErbB-4 activation by these SkDa

ligands, while it abolished activation of ErbB-4 by EGF. . . - . . . . . . o - -
Surprisingly, HB-EGF was able to regulate ErbB-4 tyrosine

phosphorylation in an ErbB-1-independent manner, sug- Reprobing o ErbB-3
gesting that an additional receptor for this ligand must exist.

ErbB-2 enhances ErbB-3 tyrosine phosphorylation B

and association with p85 T47D/puro T47D/5R

NDFs, the ErbB-3 ligands, activate ErbB-3 in diverse cell

lines, and ErbB-2 dramatically enhances this effect (Beerli ] &5 . %

et al, 1995; Graus-Portat al., 1995). Treatment of cells B mo Bt O
- S . . mAEZE0MAA

withEGFand BTC alsoresultsinincreased ErbB-3-tyrosine Mr g 8 TZmEXRTZm

phosphorylation (Beerli and Hynes, 1996). Since both pep-
tides bind and activate ErbB-1 and stimulate ErbB-2 tyro- 86kD2 > | o e amliDE®
sine phosphorylation, we examined whether scFv-mediated
ER retention of either of the two receptors would interfere
with ErbB-3 activation (Figure 2A). When compared with IP o ErbB-3/ WB o p85
control cells, the EGF- and BTC-induced tyrosine phos- ) ) ) )
phorylation of ErbB-3 was dramatically impaired in T47D/ f'g- 2-.'-'9“.“:1"”"“‘39‘:] E_rbg-a ty(rjos'rl‘lel.phOSphory'a“o” j‘?d Comﬁ'.ex
5R cells, identifying ErbB-2 as the mediator of ErbB-3 ormation with p8S. The indicated cell lines were starved for 24 b in

. = 7 g - . Y serum-free medium and, prior to lysis, were treated with 4 nM
activation induced by both peptide factors. Whilst EGF did peptides for 10 min or left untreated. ErbB-3 was immunoprecipitated
not activate ErbB-3 in T4A7D/R1R cells, NDF and BTC still from 1 mg total protein and immunocomplexes were subjected to

did so, indicating that ErbB-1 is not required for ErbB-3 (SADS—P/;GEaﬁ/; ge'z]gndhirt‘;g’zide by;’(‘:’_‘i?ge”‘Aggtg‘g é"gth em.‘f‘?g
S : , upper p phosphotyrosine-specific m p85-specifi

activation in response to these “ga.nds' . . antibody. In (A) the filter was stripped and reprobed with ErbB-3-

ErbB-3 has been shown to efficiently associate with the gpecific antibody (lower panel). The results shown are typical and

p85 subunit of Ptdins 3-kinase, due to the presence of representative of three independent experiments.
several consensus motifs in the receptor intracellular
domain (Fediet al, 1994; Prigent and Gullick, 1994).

Moreover, ER retention of ErbB-2 dramatically impairs 3A). Intracellular expression of ErbB-2-specific scFv in
NDF-induced recruitment of p85 (Beerdt al., 1995). A431 cells (Figure 3A, left panel) resulted in the disappear-
Therefore, we examined whether EGF-, HB-EGF- and ance of ErbB-2 from the plasma membrane (our unpub-

BTC-induced ErbB-3 coupling to p85 was affected in lished data) and in an increased electrophoretic mobility
cells lacking ErbB-2 (Figure 2B). Complex formation of (Figure 3A, right panel). The A431 derivatives were
p85 with ErbB-3 was diminished in response to all the treated with different ErbB ligands and ErbB-3 tyrosine
peptides tested in T47D/5R cells. This result parallels the phosphorylation was examined (Figure 3B). Activation of
reduced tyrosine phosphorylation levels of ErbB-3 in these ErbB-3 observed in the control cells was reduced in A431/
cells and corroborates the role of ErbB-2 in mediating 5R cells, demonstrating that ErbB-2 mediates, at least in
ErbB-3 activation not only by NDF, but also by the other part, ErbB-3 activation by these ligands even in cells
ErbB receptors ligands, EGF, HB-EGF and BTC. expressing high levels of ErbB-1.

It has been suggested that EGF-induced tyrosine To confirm that activation of ErbB-3 by EGF occurs
phosphorylation of ErbB-3 occurs by direct ErbB-1/ via a direct interaction between ErbB-2 and ErbB-3,
ErbB-3 crosstalk in A431 human carcinoma cells (Soltoff we used the ErbB-2 overexpressing human mammary
et al, 1994). A431 cells haveX410° EGFR molecules, carcinoma cell line SKBR3. Cells treated with EGF
whereas T47D cells have only 7000 molecules (Jannot showed increased levels of ErbB-2 co-immunoprecipitat-
et al, 1996). It would be reasonable to assume that due ing with ErbB-3, indicating a direct interaction between
to the high receptor density in A431 cells, EGF would ErbB-2 and ErbB-3 in response to EGF (Figure 3C).
trigger ErbB-1-ErbB-3 heterodimers and thereby activate
ErbB-3 in an ErbB-2 independent manner. To examine ErbB-2 differentially modulates ErbB-1 activation
this directly, A431 cells were infected with a retrovirus by EGF-related peptides
encoding scFv-5R, as well as with a vector control virus, All EGF agonists induce ErbB-1 tyrosine phosphorylation
giving rise to the sublines A431/5R and A431/puro (Figure in T47D mammary epithelial cells (Beerliand Hynes, 1996)
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A b’t"\ b(‘\‘o b?)\ {‘\0 A T47D/puro T47D/5R T47D/R1R
bl « had & i, I, L,
Mr P'-“":‘SRE Mr SRF ELLS-U*UELLS‘LLUE_LE'LLQ
205kDa —+» | M Q9 RCEE32EREREER
287kDa-»| B = . 205kDa > .
- "
WB o scFv WB o. ErbB-2 ! LI R
IP o ErbB-1/WB a PY
- s
B A431/puro A431/5R Y T - -
E ?5 m 8 -:, . E ¢ Reprobing o ErbB-1
M S @ 2 & gcu:a’ Z &
205kDa B
L L A T47D/puro  T4TD/SR
- 73 w
. g ©
IP 0. ErbB-3/ WB . PY T P
Mr 5 8 T % m 3 8 T Z m
KBRS K8 47Da > [N R 152
E o) £ & IP o ErbB-1 / WB o She
Mr @ 5 B G o

i . formation with SHC. The indicated cell lines were serum starved for
24 h and, prior to lysis, treated with 4 nM diverse peptides for 10 min
or left untreated. ErbB-1 was immunoprecipitated from 1 mg total

IP o ErbB-3 IP o ErbB-3 protein and immunocomplexes were subjected to SDS—-PAGE (7% gel)
WB o ErbB-2 WB a ErbB-3 and analyzed by Western blotting witA (upper panel) a
) ) ) phosphotyrosine-specific mAb oB)Y an SHC-specific antibody. Bars

Fig. 3. (A) Expression of scFv-5R and ErbB-2 in A431/puro and indicate two of the three SHC isoforms. In (A) the filter was stripped
A431/5R cells. (Left) Aliquots of 5Qug total protein were subjected to  and reprobed with ErbB-1-specific antibody 15E (lower panel). The
SDS-PAGE (15% gel), blotted and analyzed for expression of scFv-5R results shown are typical and representative of three independent
with an scFv-specific antiserum. (Right) Aliquots of 1@ total experiments.

protein were subjected to SDS-PAGE (7.5% gel), blotted and analyzed
for ErbB-2 expression with 21N antiserum. C, control cells.
(B) Ligand-induced ErbB-3 tyrosine phosphorylation. A431 derivative
cell lines were serum starved for 24 h and, prior to lysis, treated with
4 nM of one of the indicated peptide ligands for 10 min or left co-expressing the four ErbB receptors, including T47D,
untreated. ErbB-3 was immunoprecipitated from 1 mg total protein MCF7, MCF10A, OVCAR3 and A431 cells (Beerli and

and immunocomplexes were subjected to SDS-PAGE (7% gel) and . . . .
analyzed by Western blotting with a phosphotyrosine-specific mAb. Hynes, 1996; our unPUbI'ShEd data)' Thus, we |nvest|gated

The results shown are typical and representative of two independent ~ Whether ErbB-2 interferes with this event by examining

205kDa - E Fig. 4. Ligand-induced ErbB-1 tyrosine phosphorylation and complex

experiments. ) EGF-induced ErbB-2—ErbB-3 interaction. SKBR3 ErbB-1 activation in the presence and absence of ErbB-2
ig”rsﬂ\‘/’l"gg Fsefg:"l‘osﬁifxe;flgl[tzlj‘ntf:ezrt'gapgfééOS'ﬁ:Sv treated with (Figure 4A). Indeed, NDF was able to activate ErbB-1
immunoprecipitated from 1 mg total pro.tein and immunocomplexes !n the qbsence o.f ErbB'-2, reveahng that ErbB recgptor
were subjected to SDS—PAGE (7% gel) and analyzed by Western interactions are hierarchical in nature. Thus, ErbB-2 is the
blotting with ErbB-2-specific antiserum (left). The filter was stripped preferred heterodimerization partner of NDF receptors and
and reprobed with ErbB-3-specific antibody (right). thereby prevents activation of ErbB-1 in a natural cellular
context.

The SH2/PTB domain-containing adaptor protein SHC

and ErbB-2 enhances the EGF effect (Graus-Pettal, has been shown to couple RTKs to the Ras/MAPK pathway

1995). Thus, we examined whether activation of ErbB-1 Dy interacting with specific phosphorylated tyrosines on
by two other EGF agonists, HB-EGF and BTC, was also the receptors (Pelicat al, 1992; Rozakis-Adcockt al,
dependent upon the presence of ErbB-2 in the plasma mem-1992). We therefore examined whether ErbB-2 affects the
brane (Figure 4A). In T47D/5R cells, stimulation with both  ligand-induced ErbB-1 interaction with SHC (Figure 4B).
ligands led to lower levels of ErbB-1 tyrosine phosphoryl- All ErbB-1 ligands induced complex formation of ErbB-1
ation than in the control cells, indicating that ErbB-1—- Wwith SHC in control cells, which was reduced in T47D/5R
ErbB-2 heterodimers are also involved in ErbB-1 activation cells, consistent with diminished tyrosine phosphorylation
in response to HB-EGF and BTC. of the receptor. The opposite observation was made with
Various reports have shown NDF-induced ErbB-1 activ- NDF, since it could promote ErbB-1-SHC association
ationwhenitwas co-expressed with either ErbB-3 or ErbB-4 only in the absence of ErbB-2. This is in accordance with
(Rieseet al, 1995; Cohen,B.Det al,, 1996; Zhancet al,, NDF-induced tyrosine phosphorylation of ErbB-1 and
1996). However, we were unable to detect ErbB-1 tyrosine demonstrates that NDF-activated ErbB-1 is a functional
phosphorylation in response to NDF in cell lines naturally receptor able to couple to downstream signaling molecules.
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Fig. 5. Ligand-induced Cbl tyrosine phosphorylation and interaction
with ErbB-1. T47D/puro and T47D/5R cells were serum starved for
24 h and, prior to lysis, treated for 10 min with 4 nM of one of the
indicated ligands or left untreated\Y Cbl was immunoprecipitated
from 1 mg total protein, subjected to SDS—PAGE (8% gel) and
analyzed by Western blotting with a phosphotyrosine-specific mAb
(upper panel). The filter was stripped and reprobed with Cbl-specific
antibody (lower panel).K) ErbB-1 was immunoprecipitated from 1
mg total protein and the immunocomplexes were subjected to SDS—
PAGE (8% gel) and analyzed by Western blotting with a Cbl-specific
antibody. The results shown are typical and representative of two
independent experiments.

scFv-mediated intracellular retention of ErbB-2
results in impaired ligand-induced coupling to Cbl
Stimulation of ErbB-1 (Galisteet al., 1995), but not of
other ErbB receptors (Levkovitet al, 1996), has been

ErbB receptor interactions

5000
—DO—  puro
4000 —o— 5R
§‘ 3000 -
£ 20004
E
1000 !
04 T T T |
© S 3 8 8

time (minutes)

Fig. 6. Time course of BTC-induced ERK1 activation. The T47D
sublines T47D/puro and T47D/5R were starved in serum-free medium
for 24 h and, prior to lysis, treated with 1 nM BTC for the indicated
times. The MAPK isoform ERK1 was immunoprecipitated from

200 g cell lysate andn vitro kinase assays were performed using
MBP as substrate. Proteins were subjected to SDS-PAGE (15% gel),
blotted and phosphorylation of MBP was quantitated with a
Phosphorimager.

sufficient to promote phosphorylation of Cbl as well as
its association with ErbB-1. These results suggest that
NDF-activated ErbB-1 has signaling properties distin-
guishable from those of ErbB-1 activated by EGF agonists.

scFv-mediated intracellular retention of ErbB-2
impairs BTC-dependent activation of MAPK
Activated RTKs stimulate MAPK by interacting with
adaptor proteins like SHC and Grb2, which then couple
to the Ras/MAPK pathway (Rozakis-Adcoekal,, 1992).
We have previously shown that ErbB-2 modulates activ-
ation of MAPK by the ErbB-1 ligand EGF as well as by
the ErbB-3 and ErbB-4 ligand NDF (Beest al, 1995;
Graus-Portaet al, 1995). BTC is the prototype member
of a new class of ligands, since it binds both ErbB-1 and
ErbB-4. Thus, we investigated the involvement of ErbB-2
in BTC-triggered MAPK activation (Figure 6). BTC
rapidly activated the MAPK isoform ERK1 in both T47D
sublines. However, in scFv-5R-expressing cells the fold
induction was reduced and activity returned to basal levels
much more rapidly then in the control cells. Therefore,
we conclude that the presence of ErbB-2 enhances and

shown to result in tyrosine phosphorylation and association prolongs MAPK activity in response to the three different

with the downstream substrate Cbl. This prompted us classes of EGF-related peptides, those binding ErbB-1,
to analyze Cbl tyrosine phosphorylation and complex those binding ErbB3 and ErbB-4, and those binding
formation with ErbB-1 in response to diverse ligands in ErbB-1 and ErbB-4.

the presence and absence of ErbB-2 (Figure 5). In T47D/

puro control cells, the EGF agonists, but not NDF, sig- Discussion

nificantly induced Cbl tyrosine phosphorylation, in agree-
ment with their ability to stimulate ErbB-1. This was

In this study we have analyzed EGF-, HB-EGF-, BTC-

reduced in T47D/5R cells in accordance with the reduced and NDF-induced signaling in several human epithelial

activation of ErbB-1 (Figure 5A). Ligand-induced tyrosine
phosphorylation of Cbl was paralleled by its co-immuno-
precipitation with ErbB-1, which was also impaired in the
absence of ErbB-2 (Figure 5B). Unexpectedly, after NDF
treatment of T47D/5R cells Cbhl was neither tyrosine
phosphorylated (Figure 5A) nor co-immunoprecipitated
with ErbB-1 (Figure 5B). It is noteworthy that a similar

extent of ErbB-1 activation in response to HB-EGF was

cell lines co-expressing all four presently known ErbB
receptors. Single chain antibody-mediated down-regula-
tion of cell surface ErbB-1 and ErbB-2 has allowed us to
discover novel aspects of ligand-induced ErbB receptor
interplay. First, ErbB receptor interactions induced by
various EGF-related growth factors are less diverse than
previously suggested (CohengBaD, 1996; Rieset al,,
1995, 1996; Zhanget al, 1996) and follow a strict
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hierarchy, with ErbB-2 being the preferred heterodimeriz- 1987). Thus, ErbB-2 may first dimerize with ErbB-1 in
ation partner for all other ErbB proteins. Second, ErbB-2 response to EGF and then, in its phosphorylated and
is involved in horizontal signaling, mediating the lateral activated state, be released and dimerize with and phos-
transmission of signals between ErbB receptors. Third, phorylate ErbB-3 or ErbB-4. Alternatively, the formation
ErbB-2 enhances and prolongs the MAPK signaling cas- of ErbB receptor oligomers may occet @lax991).
cade in response not only to EGF and NDF (Graus-Porta Therefore, EGF-induced activation of ErbB-3 and ErbB-4
et al, 1995) but also in response to BTC. Fourth, the data could be the result of receptor transphosphorylation
presented in this paper demonstrate that a given ErbBoccuring only within ErbB-1-ErbB-2—ErbB-3 or ErbB-1—
receptor can acquire different signaling properties ErbB-2-ErbB-4 trimers. In both models, ErbB-2 is
depending on its dimerization partner. Finally, our results required to activate NDF receptors in response to EGF.
suggest that ErbB-1 is not the only receptor for HB-EGF. However, future studies will be required to delineate the
NDF binds and activates ErbB-3 and ErbB-4, triggers precise mechanism of lateral transmission of signals.
ErbB-2-containing heterodimers and induces ErbB-2 tyro- BTC is a ligand for ErbB-1 and ErbB-4 (Beerli and
sine phosphorylation (Carrawast al, 1994). Moreover, Hynes, 1996; Rieseet al, 1996) and BTC-induced
the intracellular retention of ErbB-2 results in impaired ErbB-1-ErbB-2 and ErbB-4—ErbB-2 heterodimers have
NDF-induced activation of both receptors (Beestial, been reported (Rieset al, 1996). Consistent with this,
1995; Graus-Portat al, 1995). In contrast, we never down-regulation of ErbB-1 results in diminished ErbB-2
observed an increase in ErbB-1 tyrosine phosphorylation phosphorylation and the absence of cell surface ErbB-2
in response to NDF, suggesting that no ErbB-1-containing results in impaired BTC-induced ErbB-1 and ErbB-4
heterodimers are formed. Moreover, in T47D cells depleted activation, suggesting that BTC also signals through
of ErbB-1, NDF activated ErbB-2, ErbB-3 and ErbB-4 to ErbB-2-containing heterodimers. Although BTC could
the same extent as in the control cells, indicating that presumably induce ErbB-4—ErbB-1 heterodimers, down-
ErbB-1 does not participate in NDF signaling. Other regulation of ErbB-1 in T47D cells does not affect ErbB-4
reports have presented evidence for NDF-induced form- activation, suggesting that ErbB-4—-ErbB-2 heterodimers,
ation of ErbB-3—-ErbB-1 and ErbB-4-ErbB-1 heterodimers and possibly ErbB-4 homodimers, are sufficient for BTC
when these pairs of receptors were co-expressed in hosto activate ErbB-4. BTC was also able to elevate tyrosine
cell lines that do not bear endogenous ErbB proteins phosphorylation of ErbB-3 when co-expressed with
(Riese et al, 1995; Cohen,B.Det al, 1996; Pinkas-  ErbB-1 in Ba/F3 cells, but not when co-expressed with
Kramarskiet al,, 1996; Zhanget al, 1996). In accordance ErbB-4, implying that at least ErbB-1-ErbB-3 hetero-
with these findings, NDF readily induced ErbB-1 tyrosine dimers are possible (Riest al, 1996). However, in the

phosphorylation and association with the adaptor protein human epithelial cell lines T47D and A431, BTC-induced
SHC in T47D cells devoid of cell surface ErbB-2. These tyrosine phosphorylation of ErbB-3 was dramatically
results directly show, for the first time, that ligand- impaired in the absence of ErbB-2, indicating that, by

induced ErbB receptor heterodimerization follows a strict analogy with the ErbB-1 ligand EGF, BTC activation of
hierarchy. If no ErbB-2 is available, ErbB-3 and/or ErbB-4 ErbB-3 involves the interplay of three receptors, ErbB-1—
are able to heterodimerize with ErbB-1 in response to ErbB-2—-ErbB-3 and ErbB-4-ErbB-2—-ErbB-3.
NDF. However, if the four ErbB proteins are present on We show that down-regulation of cell surface ErbB-2
the plasma membrane, the NDF receptors preferentially has dramatic consequences on downstream signaling
dimerize with ErbB-2. events elicited by BTC. In particular, intracellular retention
EGF has been found to activate ErbB-3 in cell lines of ErbB-2 results in transient ligand-induced MAPK
overexpressing ErbB-1 (Kinet al, 1994; Soltoffet al, activity. We previously made a similar observation with
1994). Moreover, co-expression of ErbB-1 with either EGF and NDF (Graus-Portd al,, 1995), which correlated
ErbB-3 or ErbB-4 in cell types lacking endogeneous ErbB with a decreased ligand affinity due to an accelerated off-
proteins allows EGF to regulate tyrosine phosphorylation rate (Karunagaraet al, 1996). Thus, it is reasonable to
of these receptors (Ries al, 1995; Cohen,B.Det al., suspect that ErbB-2-containing heterodimers are not only
1996; Zhanget al, 1996). These results imply that the high affinity receptors for EGF and NDF, but for all
EGF may induce ErbB-1-ErbB-3 and ErbB-1-ErbB-4 EGF-related growth factors.
heterodimers. However, our experiments demonstrate that HB-EGF, although to a lesser extent than NDF and

the absence of functional ErbB-2 dramatically impairs BTC, is also able to elevate tyrosine phosphorylation of
EGF-triggered ErbB-3 and ErbB-4 tyrosine phosphoryl- ErbB-4 (Beerli and Hynes, 1996; Figure 1B). Binding of
ation, as well as association of ErbB-3 with the p85 an EGF agonist to ErbB-1 could theoretically trigger

subunit of Ptdins 3-kinase. Significantly, efficient EGF- ErbB-1-ErbB-4 dimers and subsequently activate ErbB-4.
induced activation of ErbB-3 is dependent on ErbB-2 not Nevertheless, in T47D cells depleted of ErbB-1, HB-EGF,
only in T47D cells, which have low levels of ErbB-1 but not EGF, still activated ErbB-4 to the same extent as
(7000 molecules/cell), but also in ErbB-1 overexpressing in the control cells, which implies the existence of an
A431 cells (x10° molecules/cell). Thus, formation of additional receptor for HB-EGF. This result is reminiscent
ErbB-1-ErbB-3 and ErbB-1-ErbB-4 heterodimers cannot of BTC, making it possible that HB-EGF also binds
account for activation of NDF receptors by EGF. Instead, ErbB-1 and ErbB-4. Alternatively, HB-EGF could bind

it appears that EGF activates ErbB-3 and ErbB-4 via ErbB-3, thereby triggering ErbB-3—ErbB-4 dimers. Indeed,
ErbB-2. Indeed, in SKBR3 cells an EGF-induced direct HB-EGF activates ErbB-3 not only in T47D/puro but also

ErbB-2—-ErbB-3 interaction was detected. It is known that in T47D/R1R cells (our unpublished data). In both cases,
dimerization of receptors is not a static, but rather a a requirement for ErbB-2 for HB-EGF activation of
dynamic and reversible process (Yarden and Schlessinger, ErbB-4 becomes evident in T47D/5R cells. Further studies
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will be required to elucidate the mechanism by which
HB-EGF activates ErbB-4.

It is likely that the diversity of the biological responses
triggered by the EGF-related ligands is due to the ability
of each different ErbB family member to couple with
distinct and specific intracellular signaling pathways (Di
Fioreet al, 1990; Tavernat al, 1991; Riesest al., 1995.,
Beerli and Hynes, 1996; Pinkas-Kramarghial, 1996).
For instance, ErbB-3 differs from the other receptors in
its ability to directly interact with p85 but not with
phospholipase €or GTPase activating protein (Fegtial,,
1994). On the other hand, ErbB-1 seems to be the only
ErbB receptor able to interact with and phosphorylate the
Cbl proto-oncogene product (Levkowitzt al, 1996).
Moreover, the signal elicited by a receptor heterodimer is
not simply defined by addition of the signaling properties
of the individual dimerization partners (Alimanet al,
1995). Indeed, our results demonstrate that the ability of
a specific ErbB protein to recruit downstream signaling
molecules is dependent upon its dimerization partner. In
particular, all EGF-related peptides induce ErbB-1 to
interact with the adaptor protein SHC. However, only
ErbB-1 ligands, which activate the receptor mainly by
inducing ErbB-1 homodimers and ErbB-1-ErbB-2 hetero-
dimers, but not NDF, which can only activate ErbB-1 by
promoting heterodimers with ErbB-3 and ErbB-4, allow
for detectable Cbl tyrosine phosphorylation and complex
formation with ErbB-1. This result raises the possibility
that ErbB-1 activated by NDF bears a pattern of phos-
phorylated sites or has a conformation distinct from
ErbB-1 activated by EGF agonists.

In summary, the results presented in this paper allow
us to propose a model of ErbB receptor function (Figure
7). According to this model, ligand-induced ErbB receptor
dimerization is governed by a strict hierarchy, with ErbB-2
being the preferred heterodimerization partner of all other
ErbB proteins. Thus, NDF receptors readily dimerize with
ErbB-2 but not with ErbB-1 if all four receptors are present
(Figure 7A, left). Interactions between NDF receptors and
ErbB-1 are only favored in cells engineered to lack cell
surface ErbB-2 (Figure 7A, right). Similarly, the receptors
for EGF and BTC also preferentially interact with ErbB-2.
However, in contrast to NDF receptors, ligand-activated

ErbB receptor interactions

A

NDF "gF
) 4
Y\
)
bl
B EGF
\ 4
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Fig. 7. Model of ErbB receptor interactions induced by EGF-related
factors in the presence (left) or absence (right) of ErbB-2. ErbB
receptor dimerization is a hierarchical process and ErbB-2 is the
preferred heterodimerization partner of the receptors for NBJ (

EGF B) and BTC (). Activation of ErbB-2 in response to EGF and
BTC, but not to NDF, allows lateral transmission of signals. Note that
BTC has previously been shown not to induce ErbB-4—ErbB-3 dimers
even in the absence of ErbB-2 (Rieseal., 1996).

but also of ErbB-1 overexpressing tumor cells (Jannot
et al, 1996). Our results suggest that the remarkable
transforming potency of ErbB-2 is due not only to its

ability to heterodimerize with the other ErbB receptors,

but also to its involvement in lateral signaling.

Materials and methods

Materials
Recombinant human EGF was from Sigma, recombinant human HB-
EGF and BTC from R&D Systems. The recombinant human BGF-

EGF and BTC receptors have the capability to transactivate jixe domain of NDF used in all the experiments was a gift from Amgen

ErbB proteins distinct from ErbB-2. This could at least in
part be due to direct crosstalk, as evidenced in cells
lacking cell surface ErbB-2 (Figure 7B and C, right).

However, the presence of ErbB-2 dramatically enhances

transactivation of NDF receptors by ErbB-1, demonstrating
that ErbB-2 is involved in lateral transmission of signals
(Figure 7B and C, left). It is noteworthy that this signaling

occurs in a directed manner, since NDF receptors did not

transactivate ErbB-1 in the presence of ErbB-2 (Figure
4A). This suggests that NDF receptors form more stable
complexes with ErbB-2 than does ErbB-1, as already
previously suggested (Chext al, 1996).

In conclusion, the proposed model of ErbB receptor
function provides a possible explanation for the high
oncogenic potential of ErbB-2. Overexpression of ErbB-2
leading to constitutive activation of its kinase is observed
in many human tumors and frequently correlates with

(Thousand Oaks, CA). Antibodies used were: EGFR-specific mAbs
EGFR1 (Amersham) and 528 (Santa Cruz Biotechnology) and EGFR-
specific antiserum 15E (Gullicit al,, 1985), ErbB-2-specific antiserum
21N (Hyneset al, 1989), ErbB-3-specific affinity purified rabbit poly-
clonal antibody C17 (Santa Cruz Biotechnology), ErbB-4-specific mAb
111 (Cheret al,, 1996), ErbB-4-specific affinity purified rabbit polyclonal
antibody C-18 (Santa Cruz Biotechnology), Cbl-specific affinity purified
rabbit polyclonal antibody C15 (Santa Cruz Biotechnology), Shc-specific
rabbit IgG (UBI), p85-specific antiserum (UBI), ERK1-specific antiserum
(Marteet al,, 1995), phosphotyrosine-specific mAb (Druletral., 1989)

and scFv-specific antiserum (Beegli al,, 1994).

Intracellular expression of ErbB-2-specific scFv

Amphotropic virus encoding scFv-5R, as well as empty vector control
virus, were used to infect the human vulval carcinoma cell line A431.
Four days after infection the cells were subjected to selectiorpigé@l
puromycin for 14 days. Pools of puromycin-resistant cells were analyzed
in all the experiments.

Cell culture
T47D/puro, T47D/5R and T47D/R1R (Graus-Poetaal, 1995; Jannot

more malignant disease (Hynes and Stern, 1994). More-e; a|, 1996) and A431/puro and A431/5R cells were maintained in

over, ErbB-2 is important not only for growth of ErbB-2

Dulbecco’s modified Eagle’s medium (DMEM) (Gibco BRL) supple-
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mented with 10% fetal calf serum (Gibco BRL)pu&/ml insulin (Sigma) Chen,Xet al. (1996) An immunological approach reveals biological
and 1 pg/ml puromycin. SKBR3 cells were maintained in DMEM differences between the two NDF/heregulin receptors, ErbB-3 and
supplemented with 10% fetal calf serum. Prior to growth factor stimula- ErbB-Biol. Chem, 271, 7620-7629.

tion cells were starved for 24 h in serum-free medium [DMEM containing Cohen,B.D., Green,J.M., Foy,L. and Fell,H.P. (1996) HER4-mediated
1 mg/ml fetuin (Sigma) and 10g/ml transferrin (Sigma)]. biological and biochemical properties in NIH 3T3 cdllsBiol.

Chem, 271, 4813-4818.
Immunoprecipitation and Western blot analysis ther_\,G.B., Ren,R. _and BaIti_more,D. (1995) Modular binding domains
Cells were solubilized in Triton extraction buffer (50 mM Tris, pH 7.5, n _5|gnal transduction protein€ell, 80, 237-248. .
5 mM EGTA, 150 mM NaCl, 1% Triton X-100, 2 mM sodium Di Fiore,P.P., Segatto,O., Taonr,W.G._, Aafonson,S.A._and Pierce,J.H.
orthovanadate, 50 mM sodium fluoride, 10 mM sodium molybdatg\20 (1990) EGF receptor anerbB-2 tyrosine kinase domains confer cell
phenylarsine oxide, 1 mM phenylmethylsulfony! fluoride, gg/ml leu- specificity for mitogenic signalingScience 248, 79-83.
peptin, 10ug/ml aprotinin) for 10 min on ice. The lysates were clarified Druker,B.J., ’V'aT“O”’H-J- and Roberts,T.M. (1989) Oncogenes, growth
by centrifugation at 16 00@ for 15 min. For immunoprecipitations, factors, and signal transductiokew Engl. J. Meq 321, 1383-1391
equal amounts of protein were incubated with specific antibodies for 2 h E9an.S.E. and Weinberg,R.A. (1993) The pathway to signal achievement.
on ice. Immune complexes were collected with protein A-Sepharose _ Nature 365 781-783. .
(Sigma), washed three times with lysis buffer and once with TNE buffer FEd"P". Plerge,J.H., Di I_:lor_e,P.R and_ Kraus,M.H. (1994) Eff_|C|ent
(50 mM Tris—HCI, pH 7.5, 140 mM NaCl, 5 mM EDTA). Bound coupling with phqsphatldylmo_snol_3_—k|na_se, but not phosphollpase
proteins were released by boiling in sample buffer. Total cell lysates or ~ GV OF GTPase-activating protein, distinguishes ErbB-3 signaling from
immunoprecipitates were subjected to SDS—PAGE and proteins were that of other ErbB/EGFR family membersdol. Cell. Biol, 14,

P : ) : ; 492-500.
blotted onto polyvinylidene difluoride membranes. After blocking with ; L .
20% horse s%rgm ()ésibco BRL) in TTBS (50 mM Tris—HCI, pHg 7.5, Galisteo,M.L., Dikik,l., Batzer,A.G., Langdon,W.Y. and Schlessinger,J.

150 mM NacCl, 0.05% Tween-20), filters were probed with specific (1995) Tyrosine ph_os_phorylatlon_ Of thecbi proto-oncogene protein
antibodies and proteins visualized with peroxidase-coupled secondary product and assoclation V\.”th epidermal growth factor (EGF) receptor
antibody using the ECL detection system (Amersham). In some experi- upon EGF stimulationJ. Biol. Ch_e'.“ 270’.20242_202.45' .

ments, filters were stripped in SDS buffer (100 nMnercaptoethanol, ~ Gassmann,M., Casagranda,F., Orioli,D., Simon,H., Lai,C., Klein,R. and
2% SDS, 62.5 mM Tris—HCI, pH 6.8) for 30 min at 65°C, washed three Lemke,G. (1995) Aberrant neural and cardiac development in mice

- : ; g A lacking the ErbB4 neuregulin receptdtature 378 390-394.
tl TTBS, blocked and bed with the indicated antibodies. A . .
fmes in ocked and reprobed wi € indicated antibodies Graus-Porta,D., Beerli,R.R. and Hynes,N.E. (1995) Single-chain

antibody-mediated intracellular retention of ErbB-2 impairs neu
MAPK assay , o , differentiation factor and epidermal growth factor signaliktl. Cell.
Cells were stimulated at 37°C with 1 nM BTC for the indicated times Biol., 15, 1182-1191.

and lysed in ELB (50 mMB-sodium glycerophosphate, 1.5 mM EGTA,  Gullick,W.J., Downward,D.J., Foulkes,J.G. and Waterfield,M.D. (1985)

2 mM sodium orthovanadate, 1 mM dithiothreitol,L@/ml leupeptin, Antibodies to the ATP-binding site of the human epidermal growth
2 pg/mi aprotinin, 1 mM benzamidine and 1% v/v NP-40). The MAPK factor (EGF) receptor as specific inhibitors of EGF-stimulated protein-
isoform ERK1 was immunoprecipitated from 20@ total lysate with tyrosine kinase activityEMBO J, 4, 2869—2877.

2 Wl specific antiserum (Martet al, 1995) and protein A-Sepharose.  Higashiyama,S., Abraham,J.A., Miller,J., Fiddes,J.C. and Klagsbrun,M.
The immunoprecipitates were washed three times with ELB and once  (1991) A heparin-binding growth factor secreted by macrophage-like

with kinase buffer (30 mM Tris—HCI, pH 8.0, 20 mM Mngand 2 mM cells that is related to EGBcience 251, 936-939.

MgCl,). The activity of the MAPK isoform ERK1 was then determined Hynes,N.E. and Stern,D.F. (1994) The biologyeahB-2neuHER2 and

by incubating the immune complexes at 37°C for 30 min with{80 its role in cancerBiochim. Biophys. Actal198 165-184

kinase buffer containing 1ig myeloid basic protein (MBP), 10M Hynes,N.E., Gerber,H.A., Saurer,S. and Groner,B. (1989) Overexpression
cold ATP and 0.1uM [y-*P]ATP (1200 Ci/mmol). The reaction was of the c-erbB-2 protein in human breast tumor cell linds.Cell.

stopped with sample buffer, proteins subjected to 15% SDS-PAGE, Biochem, 39, 167173

blotted and the phosphorylation of MBP was quantitated with a Phosphor- jannot,ch., Beerli,R.R., Mason,S., Gullick.W.J. and Hynes,N.E. (1996)

Imager (Molecular Dynamics). Intracellular expression of a single-chain antibody directed to the
epidermal growth factor receptor leads to growth inhibition of tumor
cells.Oncogengl3, 275-282.
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